Apelin, a peptide widely expressed in the body, is the endogenous ligand for the APJ receptor. To investigate how the apelin gene is regulated transcriptionally, we cloned and characterized ϳ3000 and ϳ4000 bp 5-upstream fragments of the rat and human apelin genes. Putative CAAT-like box, but not TATA-box sites were identified. The rat (-207/-1 bp) and human (-100/؉74 bp) core promoter sequences contain putative binding sites for upstream stimulatory factor (USF)-1/-2. Mutagenesis and overexpression assays showed that USF up-regulates basal and inducible apelin transcription. EMSA and supershift experiments indicated binding of USF-1/-2 to the rat (-114/-109 bp) and human (-84/-79 bp) apelin promoters. ChIP experiments show that USF is recruited to the putative USF binding site in the human apelin promoter in cultured breast cells. In concert with increased breast apelin expression during pregnancy and lactation in rats, EMSAs demonstrate an elevated binding of pregnant and lactating rat breast nuclear proteins to a consensus USF oligonucleotide. In vivo ChIP assays verified increased USF binding to the apelin promoter in breast of lactating rats. Together, our findings show that USF exerts a stimulatory role in regulation of breast apelin expression during pregnancy and lactation.-Wang, G., Qi, X., Wei, W., Englander, E. W., and Greeley, G. H., Jr. Characterization of the 5-regulatory regions of the rat and human apelin genes and regulation of breast apelin by USF. FASEB J.
Apelin is the endogenous ligand for the APJ receptor (1) (2) (3) (4) (5) . The APJ receptor is a member of the G-protein-coupled receptor (GPCR) family and is related structurally to the angiotensin (ANG) and CXC chemokine receptors (3, 6, 7) . ANG II, however, does not bind to the APJ receptor and the APJ receptor was considered an "orphan receptor" until the discovery of apelin.
Apelin exerts a broad range of physiological actions including effects on heart contractility, blood pressure, blood vessel growth, appetite and drinking behavior, the hypothalamic-pituitary-adrenal axis, gastric acid secretion, intestinal cholecystokinin (CCK), and pancreatic insulin secretion (8 -15) . Apelin shows a widespread distribution; in the body, apelin is expressed in the brain, kidney, adipose tissue, heart, lung, mammary gland, and gastrointestinal tract (1, 13, 16 -21) .
Upstream stimulatory factors (USF-1, USF-2) are ubiquitous transcription factors (43 and 44 kDa, respectively), characterized by the evolutionary conserved carboxy-terminal basic helix-loop-helix and leucine zipper domains that are involved in dimerization and DNA binding activities (22) (23) (24) . The E-box is the binding site for USF and controls transcription of several metabolic genes, including those involved in glucose (Glc) and lipid metabolism, hypoxia, cell proliferation, and xenobiotic metabolism (22, (25) (26) (27) (28) (29) (30) .
Transcriptional regulation of apelin is unknown, in part, because of the lack of information on the apelin gene promoter. To better understand regulation of apelin expression, the 5Ј-upstream regions of the rat and human apelin genes were cloned into a promoterless luciferase expression vector. 5Ј-upstream sequences necessary for transcriptional activity were identified by scanning deletional analyses. Core promoter regions were identified by ability to activate luciferase transcription in cells derived from tissues that produce apelin. In rats, breast apelin expression increases dramatically during pregnancy and lactation. Sequence analyses of apelin core promoters identified USF as a potential regulator of apelin expression.
The stimulatory role of USF over apelin gene transcription was confirmed in transient expression, EMSA and chromatin immunoprecipitation (ChIP) assays showing that overexpression of USF increases apelin expression in cultured breast cells and that endogenous USF directly binds to and regulates the apelin promoter. Furthermore, ChIP analysis revealed that breast USF proteins of lactating rats are recruited to the putative USF motif in the apelin core promoter in vivo but not in cyclic rats. These results indicate that USF is a positive regulator of apelin gene expression in lactating rats.
MATERIALS AND METHODS

Animals
All animal experiments were done in accordance with mandated standards of humane care and were approved by the Institutional Animal Care and Use Committee. Adult female Sprague-Dawley rats were maintained in a temperature (23Ϯ2°C) and light-regulated (12L:12D lights on) room and allowed free access to standard rat pellet food and tap water. Breast tissues were harvested from virgin cyclic (control), timed-pregnant and lactating rats for preparation of total cellular RNA (13, 31) , nuclear protein extracts (32) and ChIP assays. Estrous cycles and the onset of pregnancy were monitored by microscopic examination of daily vaginal smears. The presence of sperm in vaginal washings was evidence of pregnancy.
Chemicals and reagents
Buffers, chemicals and chemicals and oligonucleotides were from Sigma (St. Louis, MO, USA) and Invitrogen (Carlsbad, CA, USA). Cell culture media were purchased from Mediatech, Inc. (Herndon, VA, USA) and Life Technologies, Inc. (Carlsbad, CA, USA). Site-directed mutagenesis kits were purchased from Stratagene (La Jolla, CA, USA), and the nuclear protein extraction kits were from Active Motif (Carlsbad, CA, USA). An Ambion RNAqueousTM RNA kit (Austin, TX, USA) was used to prepare total cellular RNA from cells. Reverse transcriptase-polymerase chain reaction (RT-PCR) kits were purchased from BD Biosciences-Clontech (Palo Alto, CA, USA). Antibodies for USF-1/-2 and histone H3 were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA) and Cell Signaling Technology, Inc. (Beverly, MA, USA).
Measurement of apelin expression
For measurement of apelin expression in cell lines, total cellular RNA was extracted and purified by means of the RNAqueousTM kit (Ambion). RNA was quantified by spectrophotometry. Before real-time PCR analyses, total RNA was used as a template to synthesize first-strand cDNA by the random priming method using the AdvantageTM RT-for-PCR kit (BD Biosciences-Clontech). Briefly, 1 g of total RNA was incubated with 1 l random primer at 70°C for 2 min, chilled on ice, and mixed with a solution containing 4 l reaction buffer (5ϫ), 1 l deoxynucleotide (dNTP) (10 mM), 0.5 l recombinant RNase inhibitor (40 U/l), and 1.0 l of MMLV reverse transcriptase (200 U/l). The mixture (20 l) was incubated for 1 h at 42°C, and the reverse transcriptases were denaturated at 94°C for 5 min. Apelin mRNA levels were then measured by real-time RT-PCR assays as described previously (13) . Assays were done using an Applied Biosystems (Foster City, CA, USA) 7000 sequence detection system. Applied Biosystems Assays-By-Design containing a 20ϫ assay mix of primers and TaqMan MGB probes (6-FAM dye-labeled probe) were used for the target genes: rat apelin (accession no. AF179679); human apelin (accession no. NM 017413); mouse apelin (accession no. NM 013912); and a predeveloped rat 18S rRNA (VIC dye-labeled probe). TaqMan assay reagent (P/N 4319413E) was used for the internal control. Primers were designed to span exon-exon junctions. Probe sequences were searched against the Celera database.
For measurement of breast apelin expression in rats total cellular RNA was extracted and purified from breast tissue, and Northern blotting analysis was done using previously published procedures (13, 31) .
Cell culture, transient transfection, and luciferase assays
All cells were maintained in a humidified incubator at 37°C in an atmosphere of 5% CO 2 -95% air. Human stomach adenocarcinoma cells (AGS) (33, 34) were grown in Ham's F10 media containing 10% FBS. Human colon cells (Caco-2) (35) were grown in Minimum essential medium (Eagle's) with 1.0 mM sodium pyruvate, 0.1 mM nonessential amino acids, and 20% FBS. Mouse hypothalamic (GT1-7) (36), and rat heart (H9C2) cells (37) were grown in Dulbecco's modified Eagle medium (DMEM) containing 10% FBS. Human placenta (BeWo) cells were grown in Ham's F12K medium with 10% FBS (38) . Rat lung (RFL-6) cells were grown in Ham's F12K medium with 20% FBS (39) . Human liver (HepG2) cells were grown in minimum essential medium (Eagle's) with 0.1 mM nonessential amino acids, and 1.0 mM sodium pyruvate, 10% FBS (40) . Human breast (Hs578T) cells were grown in DMEM containing 10% FBS and 0.1 U/ml bovine insulin (41) . All media were supplemented with 100 U/ml of penicillin and 100 g/ml of streptomycin.
For transient transfection studies, cells were plated onto 6-well tissue culture plates at optimal densities. Approximately 24 h after plating, cells were cotransfected with apelin 5Ј-upstream fragment-luciferase reporter gene constructs (2 g) and an internal control vector pRL-null (100 ng) per well using Lipofectamine reagent (Invitrogen) following the manufacturer's instructions. For the upstream stimulatory factor (USF) experiments Hs578T cells were cotransfected with either USF-1 or -2 expression plasmids [pN3, pN4, kindly provided by M. Sawadogo (42) ] and apelin core promoter constructs. An empty vector (pSG424) was used in control overexpression experiments, and pRL-SV40 (20 ng) was used as an internal control vector. Plasmids were diluted with Opti-MEM (Life Technologies, Inc.), mixed, and then transfected in triplicate. Five hours later, media were changed to media containing serum. Cells were harvested 40 h later. All cells were rinsed with PBS and lysed in 200 l of Passive Lysis Buffer (Promega, Madison, WI, USA). Cell lysates were analyzed for firefly and renilla luciferase activities using the Dual-Luciferase Reporter Assay System (Promega) in a luminometer (Monolight 2010, Analytical Luminescence Laboratory, San Diego, CA, USA) as recommended by the manufacturer. Chemiluminescence measurements were made at 10-s intervals. pRL-null or pRL-SV40 activities were measured according to the manufacturer's protocol (Promega). All plasmids-constructs were purified with the Qiagen plasmid purification kit (Valencia, CA, USA).
Cloning of the rat and human apelin 5upstream sequences and construction of luciferase expression vectors containing rat and human apelin 5-upstream sequences
The rat and human apelin 5Ј-upstream regulatory sequences were obtained by PCR amplification of rat and human genomic DNA (BD Biosciences). The -3926/ϩ74 bps fragment of the 5Ј-upstream regulatory region of the human apelin gene and -3000/-1 bps fragment of the 5Ј-upstream regulatory region of the rat apelin gene were cloned into KpnI and XhoI sites of the promoterless luciferase expression vector pGL3-Basic (Promega). For the human, the forward primer was 5Ј-CGACGCGTTCACCACAATGTAGAATCA-3Ј; and the reverse primer: 5Ј-CCCTCGAGTCCGGGAGCG-GCAGCGGCGAGCTCTTTCTTA-3Ј. For rat, the forward primer was: 5Ј-CTAGGAGCTCCCAGGATCTCCTGCACG-3Ј; and the reverse primer: 5Ј-CTAGCTCGAGCCGCGACTC-CCAACTACCC-3Ј. Scanning deletion constructs of the 5Ј-upstream region were generated by PCR using the cloned rat and human promoters. 5Ј-upstream fragments were then subcloned into the KpnI and XhoI sites of the pGL3-Basic vector (Promega). Primers were designed to include restriction sites for KpnI and XhoI. For both species, sequences of the 5Ј-upstream fragments were verified by sequencing.
Site-directed mutagenesis of USF binding sites in the rat and human apelin 5-upstream sequences
Putative USF binding sites of the -207/-1 bp rat apelin promoter construct and the -100/ϩ74 bp human apelin promoter construct (the transcription start site was designated as ϩ1) were mutated by PCR using Quick Change Site-Directed Mutagenesis Kits (Stratagene). After 18 cycles of PCR using pfu Turbo DNA polymerase at 95°C for 30 s, 55°C for 1 min, and 68°C for 10 min, the parental, double-stranded DNA was digested with DpnI. Mutant sequences were confirmed by DNA sequencing.
Preparation of nuclear protein extracts and electrophoretic mobility shift assays (EMSAs)
For cultured cells, nuclear protein extracts were prepared using the nuclear protein extraction kit (Active Motif Inc.) as described (43) . Protein concentrations were assayed by the Bradford assay (Bio-Rad Laboratories, Inc., Richmond, CA, USA). For rat breast tissue, nuclear protein extracts were prepared according to a previously published protocol (32) .
Rat and human apelin promoter fragments or a USF consensus oligonucleotide were end-labeled with [␥-
32 P]-ATP (3000 Ci/mmol) using T4 polynucleotide kinase. Approximately, 50,000 cpm of 32 P-labeled DNA were added to the nuclear extract, and preparations were incubated with 50 ng/l of Poly (dI-dC)⅐ Poly (dI-dC) and 5 ng/l of poly L-lysine in binding buffer [20 mM HEPES (pH 7.6), 1 mM DTT, 30 mM KCI, 10 mM (NH4) 2 SO 4 , 0.2% Tween 20, 1 mM EDTA] at room temperature for 20 min. DNA-protein complexes were resolved on a 4% polyacrylamide gel in 0.5ϫ TBE buffer. Gels were dried and autoradiographed with intensifying screens at -70°C. For competition experiments, nuclear extracts were incubated with a 100-fold molar excess of double-stranded, nonradiolabeled oligonucleotides at room temperature for 10 min before adding radiolabeled oligonucleotides. In supershift experiments, either an USF-1 or -2 antibody (Ab) was added to the reaction prior to addition of radiolabeled probe and incubated at room temperature for 30 min. For the control experiment, a nonspecific goat anti-rabbit IgG Ab was added.
Western blot analysis
Nuclear protein extracts of breast tissue obtained from control cyclic, pregnant, and lactating rats were boiled for 5 min in the presence of sample buffer (NuPAGE LDS sample buffer) (Invitrogen) before separation on a 4 -12% sodium dodecyl sulfate-polyacrylamide gel. After gel separation, proteins were transferred onto nitrocellulose membranes and blocked with 10% nonfat milk in TBST for 2 h at room temperature. Membranes were incubated with a histone H3 Ab in washing buffer (1% milk in TBST with 0.1% Tween 20) overnight at 4°C. After three washes, membranes were incubated for 45 min at room temperature with a conjugated anti-rabbit IgG-horseradish peroxidase Ab in washing buffer. Membranes were rinsed three times, and detection was performed using the enhanced chemiluminescence (ECL) (NEN Life Science Products, Boston, MA, USA) according to the manufacturer's instructions. Membranes were exposed to X-ray film.
Chromatin immunoprecipitation (ChIP) assays
ChIP assays using human breast Hs578T cells were done according to the protocol supplied by Upstate Biotechnology (Lake Placid, NY, USA). Either a nonspecific goat anti-rabbit IgG, USF-1 or -2 (2.5 l) Ab was used in ChIP reactions. For an input control, 2% of the DNA amount used for immunoprecipitation was used for PCR. Precipitated DNA was subjected to PCR amplification using the Advantage HF-2 PCR kit (Clontech). PCR was done using primers-5Ј GCTGCAGAGT-GCGTGCCTGGAG3Ј and 5Ј GAGCGGCAGCGGCGAGCTC-TTTCTTAG3Ј that were designed to amplify a region containing the putative USF binding site in the human apelin promoter (-171/ϩ69 bp). PCR conditions included one cycle (1 min at 94°C) and 35 cycles (30 s at 94°C and 50 s at 68°C) with a final extension step (7 min at 68°C).
Rat breast tissue for ChIP assays was harvested from control cyclic and 3-d lactating rats, diced on ice, and suspended in PBS containing 1% (v/v) formaldehyde at 37°C for 10 min. Reactions were stopped by the addition of glycine (0.125 M, 5 min, ambient temperature) and then rinsed with ice-cold PBS. Breast tissues were then crushed, filtered with a cell strainer (70 m), and pelleted by centrifugation at 800 g for 3 min at 4°C. Pellets were suspended in cell lysis buffer (50 mM Tris, pH 8.0; 2 mMEDTA, pH 8.0; 0.1% IGEPAL; 10% glycerol; 1 mM DTT) including PMSF (1 mM) and a protease inhibitor cocktail from Roche (Indianapolis, IN, USA), incubated on ice for 15 min, and pelleted by centrifugation at 800 g for 3 min. Pellets were washed once with cell lysis buffer and resuspended in nuclei lysis buffer (1% SDS, 10 mM EDTA, and 50 mM Tris, pH 8.0, including protease inhibitors) and incubated on ice for 10 min. Chromatin was sonicated and then treated as described for breast Hs578T cell ChIP assays. PCR was done using primers-5Ј GATAGGGCTGCAGCAT-GCTTCCCGGG3Ј and 5ЈGCTTCCCTGCTCACTTCGGGG-TCTGC3Ј that were designed to amplify a region containing the putative USF binding site of the rat apelin promoter (-215/-45 bp).
Statistical analyses
Results are expressed as the mean Ϯ sem. Data were analyzed by t test or one-way ANOVA and subsequently with NewmanKeuls test when appropriate. P Ͻ 0.05 was considered significant. P Ͻ 0.01 was considered significant.
RESULTS
Cloning of the 5-flanking regions of the rat and human apelin genes
Sequences of the 5Ј-upstream regulatory regions for the rat and human apelin genes were obtained from the rat and human genome databases on a NCBI web site. The rat apelin gene is mapped to Xq35, and the human apelin gene is mapped to Xq25-26.3. By means of PCR, ϳ3000 and ϳ4000 bp 5Ј-upstream fragments of the rat and human apelin genes were obtained and sequences were verified. The GenBank accession numbers for the rat and human apelin 5Ј-upstream sequences are DQ385613 and DQ385612. The rat and human core promoters were identified as -207/-1 bp and -100/ ϩ74 bp, respectively, by scanning deletion analyses (Figs. 1 and 3) . Sequence analyses identified putative binding sites for the transcription factors AP1, AP2, STAT, SP-1, USF, and GKLF in the core promoter region of the rat, and AP1, USF, NF1, and AP4 in the core promoter region of the human apelin gene (Fig.  1A) . Alignment of nucleotide sequences of the proximal promoter regions indicates a high sequence homology (ϳ82%). A CAAT-like, but not TATA motifs, was identified in the rat and human apelin 5Ј-upstream regulatory regions (Fig. 1) .
Expression of the apelin gene in cell lines
Expression levels of the apelin gene were determined by real-time RT-PCR analyses of RNA from cultured cell lines derived from tissues that express apelin in the body. For the cell lines examined, the highest apelin mRNA levels were found in human stomach (KATO III), human breast (Hs578T), and mouse hypothalamic (GT1-7) cells (Fig.  2) . Moderate apelin mRNA levels were measured in human colon (Caco-2) and in rat heart (H9C2) and lung (RFL6) cells. Low-apelin mRNA levels were measured in human placenta (BeWo) and liver (HepG2) cells. Apelin expression levels in stomach, breast, and hypothalamic cells were 6-to 8-fold higher than those levels measured in colon, heart, and lung cells, ϳ20-fold higher than those levels in placental cells, and ϳ70-fold higher than apelin expression levels in liver cells.
5-Deletion scanning analyses of apelin promoter activity in different cell types
5Ј-Deletion scanning was used to characterize regions essential for basal transcriptional activity. Because apelin shows a wide expression pattern, transcriptional Figure 1 . A) Schematic representation of the core promoter sequences for the rat and human apelin genes. Core promoters were identified by scanning deletion analyses (see Fig. 3 ), nucleotide position ϩ 1 corresponds to the transcription start site. Putative transcription factor binding sites are underlined and identified. B) Alignment of the nucleotide sequences of the core promoter regions of the rat and human apelin genes. Homologous nucleotides are identified by the tick marks. activity of deletion constructs was examined in cell lines originating from diverse tissues in the body. 5Ј-Upstream fragments were fused to a luciferase reporter gene (pGL-3 Basic). The identified rat core promoter is -207/-1 bp. 5Ј-Upstream rat sequences showed the highest activity in breast, liver, and colon cells (Fig. 3) . Activity of the rat 5Ј-upstream fragments in breast cells was 180-fold higher when compared to the activity of the promoterless vector. In breast and liver cells, deletion of the 5Ј-upstream region from -1500 to -1001 resulted in a significant increase (ϳ1-fold) in transcriptional activity compared to the -1000/-1 bp fragment, suggesting the presence of a transcriptional inhibitor in the -1500 to -1001 bp region. In breast cells, activity of fragments further upstream of the -1500/-1 bp fragment were higher when compared with the -1500/-1 bp fragment, suggesting presence of a transcriptional stimulator in breast cells. In liver cells, activity of the larger constructs (-3000/-1, -2500/-1, -2000/-1, -1500/-1 bp) was 1-fold lower when compared with the activities of the shorter, more proximal constructs, which suggests the presence of a transcriptional inhibitor in the -3000 to -1001 bp region. In contrast, in colon cells, the larger constructs (-3000/-1, -2500/-1, -2000/-1 bp) showed higher transcriptional activities when compared with the more proximal constructs. In heart, lung, placental, and stomach cells, activities of rat apelin promoter constructs were lower by ϳ50% when compared to the activities measured in breast, liver, and colon cells. Rat apelin promoter activity was marginal in mouse hypothalamic cells.
Like the rat, human 5Ј-upstream sequences showed the highest transcriptional activity in breast and liver cells. Basal promoter activity was conferred by the -100/ϩ74 bp fragment in all cell types tested. Activity of the human 5Ј-upstream fragments in breast cells was
, -1061/ϩ74 bp) were lower when compared with the shorter, more proximal constructs and with the transcriptional activities of these constructs in breast cells. Activities of the human 5Ј-upstream fragments in colon, lung, heart, and stomach cells were ϳ50% of transcriptional activities measured in breast and liver cells. Activities of the human apelin promoter constructs in placenta and hypothalamic cells were marginal.
USF-1/-2 binding in the apelin core promoter region
Sequence analyses identified putative USF binding sites in the core promoter regions of the rat and human apelin genes (Fig. 1) . For the rat, a USF binding site is located at -114/-109 bp and for the human, a USF site is located at -84/-79 bp. The sequence for these USF binding sites is CACATG for both species (consensus, CACGTG). The extent to which USF-1 and -2 bind to these putative USF binding sites was examined by EMSAs using a nuclear protein extract from breast Hs578T cells. In the rat and human, a single DNA-protein complex was detected (Fig.  4A, B, lane 1) . For the rat and human, DNA-protein complexes were competed by a nonradioactive apelin 5Ј-upstream oligo fragment (rat: -126/-94 bp; human: -98/-64 bp) containing the putative USF site and by a nonradioactive consensus USF oligonucleotide fragment (Fig. 4A, B, lanes 2, 3) . Incubation with a mutated, consensus USF oligonucleotide (nonradioactive) did not displace the radioactive apelin 5Ј-upstream fragment containing the putative USF site (lane 4). Incubation of a mutated, radioactive apelin 5Ј-upstream fragment containing the putative USF site with nuclear extract resulted in a single DNA-protein complex (lane 5); however, migration of the single band was slower when compared to the wild-type (WT) DNA-protein complex (lane 1). Incubation with either an Ab against USF-1 or USF-2 resulted in a supershift of the DNA-protein complexes (lanes 7, 8) , whereas incubation with a nonspecific Ab did not shift the DNA-protein complexes (lane 6).
Overexpression of USF-1/-2 increases apelin promoter activity
The influence of USF-1 and -2 overexpression on rat and human apelin core promoter transcriptional activities was examined in transient transfection experiments. Overexpression of USF-1 increased rat and human apelin core promoter activities approximately 10-and 20-fold, and overexpression of USF-2 increased the rat and human apelin core promoters activities approximately 8-and 15-fold (Fig. 5) .
Core promoter activities are reduced by site-directed mutagenesis of putative USF binding sites
The extent to which putative USF sites influence apelin core promoter activity was assessed by site-directed mutagenesis. Transient transfection experiments were . Scanning deletion analyses of the rat (A) and human (B) apelin promoters in different cell types. Deletion constructs were generated as described in Materials and Methods. Breast Hs578T, liver HepG2, colon Caco-2, heart H9C2, lung RFL-6, placenta BeWo, stomach KATOIII, and hypothalamic GT1-7 cells were transiently transfected with constructs of either the rat or human apelin promoter fragments fused to a luciferase reporter gene (pGL3-basic). pRL-null plasmid was used as an internal control. Luciferase activities were measured 48 h after transfection. Data are presented as mean Ϯ sem for triplicate analyses. Activities are normalized to pGL-3 Basic. done using WT constructs (rat, -207/-1 bp; human, -100/ϩ74 bp) or constructs with mutations of putative USF sites. Mutation of putative USF sites decreased rat and human core promoter activity by 87% and 63%, respectively (Fig. 6) .
Evidence that endogenous USF interacts with the putative USF site in the apelin promoter in breast cells
To investigate the extent to which endogenous USF binds to the putative USF binding site within the promoter of the human apelin gene, we performed ChIP assays using chromatin isolated from breast Hs578T cells. Chromatin was cross-linked, sheared, and immunoprecipitated by either USF-1 or -2 antibodies. Control immunoprecipitations were done with a nonspecific IgG. The apelin 5Ј-upstream region containing the putative USF binding site was amplified by PCR of DNA precipitated by either USF-1 or -2 antibodies (Fig.  7) . As a positive input control, cross-linked and sheared genomic DNA from Hs578T cells served as a template (Fig. 7, lane 4) . These results indicate that both USF-1 and -2 are recruited to the human apelin promoter.
Evidence that USF up-regulates breast apelin expression in the rat
Northern blot analysis showed that rat breast apelin expression increases significantly during pregnancy and lactation (Fig. 8A) . Breast apelin expression was low in control cyclic rats (Fig. 8A ). When compared with apelin expression in control cyclic rats, breast apelin expression increased 3.3-and 2.4-fold during early and late pregnancy and 6.3-and 3.1-fold during early and late lactation (Fig. 8B) . EMSAs using nuclear protein extracts harvested from either control cyclic, timed-pregnant, or lactating rats showed that USF binding activity to a consensus USF oligonucleotide was highest during early and late pregnancy and early lactation (Fig. 8C) . USF binding activity then decreased at late lactation, in concert with the decrease in breast apelin expression. Western blotting analysis (Fig. 8C, lower part) confirmed consistent histone H3 levels in nuclear protein extracts used in EMSAs, indicating that changes in USF binding are not due to differences in extraction.
Evidence that USF regulates breast apelin expression in vivo
ChIP assays showed that breast DNA of 3-d lactating rats was amplified using primers specific for the putative USF binding site within the rat apelin proximal pro- Figure 4 . EMSAs using 5Ј-upstream WT or mutated (Mut) fragments of the rat (A) and human (B) apelin genes that contain putative USF binding sites. EMSAs were done using 32 P-labeled wild-type or Mut fragments as probes and either nonradioactive WT, consensus USF-1, or mutated consensus USF oligonucleotides (MUSF) as competitors. Nuclear extract (15 g) prepared from Hs578T cells were used. Double-stranded competitor DNA fragments were added in 100-fold molar excess. Specific DNA-nuclear protein complexes are identified by arrows. DNA-protein complexes supershifted by either an USF-1 or USF-2 Ab are identified by asterisks. Free ϭ free probe. moter (Fig. 9B) , whereas breast DNA of control cyclic rats was not amplified (Fig. 9B) . This finding agrees with and extends the EMSA findings (Fig. 8) and indicates that USF is involved in the up-regulation of breast apelin transcription. Control immunoprecipitations were done with a nonspecific IgG (Fig. 9D) . For a positive input control, cross-linked and sheared genomic DNA from rat breast tissue served as a template (Fig. 9C) .
DISCUSSION
Apelin and its receptor, the APJ receptor, are expressed widely in the body (1, 13, 16 -20) . Molecular regulation of apelin expression appears complex since stomach apelin expression is activated before birth and declines dramatically after weaning, whereas lung apelin expression is marginal at birth and increases during the developmental period in rats (13) . The present study demonstrates breast apelin expression is low in the cyclic rat but increases dramatically during pregnancy and lactation. Rat breast milk contains large amounts of apelin peptide [ϳ300 -600 ng/ml (13)].
To understand molecular mechanisms underlying regulation of apelin gene expression, we have cloned the 5Ј-upstream regions of the rat and human apelin genes. Regulation of the apelin gene occurs partly at the transcriptional level since, for both species, transcriptional activities of 5Ј-upstream fragments were highest in stomach, breast, heart, and lung cells-a finding that correlates well with either apelin mRNA levels in the tested cell lines, in the respective tissues in vivo or both. Deletion analyses identified the core promoters as -207/ϩ1 and -100/ϩ74 bp for the rat and human apelin genes, respectively. In contrast to other gastrointestinal peptides [gastrin, ghrelin, CCK, glucagon, peptide YY, neurotensin (43) (44) (45) (46) (47) (48) (49) (50) ], a TATAbox was not identified in the apelin promoters; however, putative CAAT-like boxes were identified. The rat and human apelin core promoter regions are GC rich (Ͼ60%), and previous reports indicate that many GCrich promoters lack a typical TATA box (51) . In some TATA-less promoters, GC-rich promoter regions will contain SP1 binding sites that activate transcription (52, 53) . Putative SP1 binding sites were identified in the apelin core promoter regions. We also identified putative E-box DNA-binding sites in the core promoters of the apelin genes. USF-1 and -2 are ubiquitous transcription factors that bind to E-box sites (54) and have been implicated in transcriptional activation of numerous metabolic genes (43, (55) (56) (57) ) and breast tissue genes, including the estrogen receptor ␣ (ER ␣) and the IGF2 receptor (58, 59) . USF is also important for normal lactation (60) .
In the present studies, evidence for functionality for the putative USF sites in regulation of apelin core promoter activity is given in overexpression and sitedirected mutagenesis experiments. Furthermore, ChIP assays indicate that endogenous USF binds to the apelin promoter in breast cells in vitro. EMSAs show that binding of a consensus USF oligonucleotide to a breast nuclear protein extract is significantly higher in pregnant and lactating rats when compared with control cyclic rats. This increase in binding activity correlates well with the increased breast apelin expression during pregnancy and lactation. Results from in vivo ChIP assays indicate involvement of USF in regulation of breast apelin expression during lactation. Breast DNA from lactating rats but not control cyclic rats is amplified by primers specific for the USF binding site in the proximal promoter region of the rat apelin gene. These findings along with the USF overexpression and mutation data indicate that USF exerts a stimulatory role in regulation of breast apelin expression.
Interestingly, the core promoters show a uniformly high transcriptional activity in all cell lines examined and, with the exception of the findings in breast (Hs578T) and colon (Caco-2) cells, the magnitudes of transcriptional activities for the rat core promoters and Apelin expression levels are normalized to 18S rRNA expression levels. C) EMSAs show that binding of a consensus USF oligonucleotide to breast nuclear extract is greatest during early pregnancy and early lactation in the rat. EMSAs were done using a 32 P-labeled consensus USF oligonucleotide and breast nuclear extracts (10 g) harvested from control cyclic, the larger 5Ј-upstream constructs are nearly equivalent, which suggests that cis-regulatory elements that control basal transcriptional activity of the rat apelin gene are located primarily in the core promoter region. In contrast to the rat, transcriptional activities of the larger 5Ј-upstream human constructs are much greater than the activity of the core promoter. Additionally, repressive elements that can inhibit transcription are present in the distal, upstream region of the human apelin promoter (between -3926 and -582 bp), since fragments upstream of -581/ϩ74 bp showed a 50 -60% reduction in activity in liver, heart, lung, placental, and hypothalamic cells. Inhibitory elements in the distal upstream region for the rat apelin promoter were not evident, with the exception of liver cells.
In two instances, transcriptional activities of the rat and human 5Ј-upstream constructs did not correlate with expression of the endogenous gene in cell lineages or in vivo. In murine hypothalamic (GT1-7) cells apelin promoter activity was low and did not agree with the high apelin expression levels in GT1-7 cells or in hypothalamic extracts (19) ; one possible explanation is that rat and human apelin promoter fragments are less active in murine-derived cells. In liver cells (HepG2) transcriptional activities of the rat and human 5Ј-upstream constructs, especially shorter fragments, are substantial and do not correlate with expression of the endogenous gene in HepG2 cells and in the liver in vivo (19) .
In summary, we have characterized the 5Ј-upstream regulatory regions of the rat and human apelin genes and demonstrated by transient transfection, mutagenesis, EMSA, and ChIP assays that the transcription factor USF is involved in regulation of breast apelin gene expression. More importantly, findings from in vivo ChIP assays indicate that endogenous USF exerts a stimulatory role in the up-regulation of breast apelin expression during lactation and possibly pregnancy in the rat.
nous USF binds to the putative USF binding site within the human apelin promoter. The 5Ј-upstream region containing the putative USF binding site was amplified by PCR of DNA precipitated by USF-1/-2 antibodies. Results indicate that USF-1/-2 are recruited to the human apelin promoter.
USF up-regulates breast apelin expression in vivo in the rat
Rat breast apelin expression increases dramatically during pregnancy and lactation (Fig. 1A) . Breast apelin expression was low in cyclic rats (Fig. 1A, lanes 1, 6, 11 ) and increased 3.3-and 2.4-fold during early and late pregnancy, and 6.3-and 3.1-fold during early and late lactation (Fig. 1B) . EMSAs using nuclear extracts harvested from cyclic, timed-pregnant, or lactating rats showed that USF binding activity to a consensus USF oligonucleotide was highest during early and late pregnancy and early lactation (Fig. 1C) . USF binding activity decreased at late lactation, in concert with the reduction in breast apelin expression. Western blotting analysis (Fig. 1C, lower part) confirmed consistent histone H3 levels in nuclear protein extracts indicating that changes in USF binding are not due to extraction differences.
ChIP assays showed that breast DNA of 3-day lactating rats (Fig. 2B, lanes 6 -11) but not cyclic rats (Fig. 2B , lanes 1-5) was amplified using primers specific for the putative USF binding site within the rat apelin proximal promoter. This agrees with and extends EMSA findings ( Fig. 1 ) and indicates that USF is involved in the up-regulation of breast apelin transcription. Control immunoprecipitations were done with a nonspecific IgG (Fig. 2D) . For a positive input control, cross-linked, and sheared genomic DNA from breast tissue served as a template (Fig. 2C) .
CONCLUSIONS AND SIGNIFICANCE
Molecular regulation of apelin expression appears complex since stomach apelin expression is activated prenatally and declines after weaning, whereas lung apelin expression is marginal at birth and increases postnatally in rats. Breast apelin expression is negligible in the cyclic rat but increases dramatically during pregnancy and lactation.
To elucidate molecular mechanisms underlying regulation of apelin gene expression, we cloned the 5Ј-upstream regions of the rat and human apelin genes. Regulation of the apelin gene occurs partly at the transcriptional level since transcriptional activities of 5Ј-upstream fragments were highest in stomach, breast, heart, and lung cells, a finding that agrees with either apelin mRNA levels in tested cell lines, in the respective tissues in vivo, or both. The core promoters are -207/ϩ1 and -100/ϩ74 bp, for the rat and human apelin genes. In contrast to other gastrointestinal peptides [gastrin, ghrelin, cholecystokinin (CCK), glucagon, peptide YY, neurotensin] a TATA-box was not identified in the apelin promoters. The rat and human apelin core promoters are GC rich, many GC-rich promoters lack a typical TATA box. In some TATA-less promoters, GC-rich promoter regions contain SP1 binding sites. Putative SP1 binding sites were identified in the apelin core promoters. We also identified putative E-box DNA-binding sites in the apelin core promoters. USF-1/-2 are implicated in transcriptional activation of metabolic and breast tissue genes including the estrogen receptor ␣ (ER ␣) and the IGF2 receptor, and USF is important for lactation.
Evidence for functionality for the putative USF sites in regulation of apelin core promoter activity is given in overexpression and site-directed mutagenesis experiments. Furthermore, ChIP assays indicate that endogenous USF binds to the apelin promoter in breast cells in vitro. EMSAs show that binding of a consensus USF oligonucleotide to a breast nuclear extract is higher in pregnant and lactating rats compared with cyclic rats. This increase in binding activity correlates with increased breast apelin expression during pregnancy and lactation. Furthermore, in vivo ChIP assays indicate involvement of USF in regulation of breast apelin expression during lactation. Breast DNA from lactating but not cyclic rats is amplified by primers specific for the USF binding site in the proximal promoter region of the rat apelin gene. These findings and the USF overexpression and mutation data indicate that USF exerts a stimulatory role over breast apelin expression.
The core promoters show a uniformly high transcriptional activity in all cell lines examined. With the exception of breast (Hs578T) and colon (Caco-2) cells, the magnitudes of transcriptional activities for the rat core promoters and the larger 5Ј-upstream constructs are nearly equivalent, which suggests that cis-regulatory elements that control basal transcription are located primarily in the core promoter. In contrast, transcriptional activities of the larger human 5Ј-upstream constructs are greater than core promoter activity. Repressive elements are present in the distal, upstream region of the human apelin promoter since fragments upstream of -581/ϩ74 bp showed a 50 -60% reduced activity in liver, heart, lung, placental, and hypothalamic cells. Inhibitory elements in the distal upstream region for the rat apelin promoter were not evident.
In human liver (HepG2) and murine hypothalamic (GT1-7) cells, transcriptional activities of the rat and human 5Ј-upstream constructs did not correlate with expression of the endogenous gene in cell lineages or in vivo. One explanation for the low apelin promoter activity in hypothalamic cells is that the rat and human apelin promoter fragments are less active in murinederived cells.
In summary, we have characterized the 5Ј-upstream regulatory regions of the rat and human apelin genes and demonstrated by transient transfection, mutagenesis, EMSA, and ChIP assays that USF is involved in up-regulation of breast apelin gene expression. More importantly, in vivo ChIP assays demonstrate that endogenous USF exerts a stimulatory role in the upregulation of breast apelin expression during lactation and possibly pregnancy in the rat. 
